It has recently been documented that survival and homeostasis of peripheral mature T cells depend on self-recognition. Thus, contrary to previous assumptions, naive T cells apparently require a constant subthreshold signal provided by their engagement with self-MHC/peptide ligands to persist in a quiescent state. In a lymphopenic state, this self-MHC/peptide recognition provides a proliferation-inducing signal and leads to T cell expansion until the T cell pool is reestablished to a nearly normal size. Here, we postulate that homeostatic anti-self T cell proliferation may, depending on additional background genes, contribute to systemic autoimmune disease pathogenesis.
Systemic autoimmunity, of which lupus is the prototypic disease, has been extensively investigated, particularly in spontaneous mouse lupus models. Despite key advances in several areas (reviewed in ref. 1) , our understanding of the mechanisms leading to a breakdown of tolerance to a wide spectrum of self-molecules remains unclear. Disappointingly, early efforts to demonstrate central T cell tolerance defects in lupus mice, either with regard to deletions of endogenous superantigen-recognizing T cells or to conventional self-peptide-recognizing transgenic antigen receptor-expressing CD4 + or CD8 + cells, were unsuccessful -even in lupus mice with defects in the proapoptotic Fas pathway, by which activated T cells are eventually deleted. Although peripheral T cells of Fas-defective mice show reduced activation-induced cell death, the reasons for the excessive activation of T cells therein has not been identified. We argue below that in this and other seemingly unrelated cases, autoimmune manifestations can result from disturbances in T cell homeostasis that lead to continuous or intermittent T cell stimulation by self-MHC/peptide ligands.
Homeostatic T cell anti-self proliferation
During intrathymic development, a small fraction of T cells expressing receptors of sufficient affinity for self-MHC/peptide ligands is positively selected, survives, and differentiates, whereas the majority of T cells with little or no affinity for such ligands undergoes apoptotic death by neglect. Thereafter, those positively selected cells with dangerously high affinity for self-MHC/peptide ligands are also deleted by apoptosis (negative selection), and only a small fraction (3-5%) is released to the periphery to constitute the mature T cell pool (reviewed in ref. 2) .
According to previously accepted views, naive T cells that survive these somatic selection processes persist in a dormant state within the confines of the secondary lymphoid organs, unaware of self-antigens until engaged by activated antigen-presenting cells displaying foreign antigenic peptides. This assumption has recently been challenged by several groups, who have shown that low-grade recognition of self-MHC/peptide ligands and delivery of covert signals -those that do not induce proliferation, as do conventional antigen-provoked, overt signals -are requirements for long-term survival of naive T cells in the periphery (Figure 1 ). Thus, in MHC class II-deficient mice manipulated to express the class II molecules only in the thymus, exported CD4 + cells do not survive long in the class II-barren periphery (3, 4) , although this population can be rescued upon transfer of class II + dendritic cells (5) . Similarly, naive H-Y-specific T cell receptor transgenic (TCR transgenic) CD8 + cells do not survive after adoptive transfer into an MHC class I-deficient host or in a host carrying an MHC class I molecule different from the one on which these cells had been selected (6, 7) . The molecular events associated with survival-promoting interactions have not been fully defined, but work with naive T cells derived from MHC class II +/+ environments shows partial phosphorylation of the T cell receptor complex protein CD3-ς (pp21) as well as recruitment of the ZAP-70 kinase to this complex (8) . In contrast to proliferation-inducing signals, however, there is no recruitment of the p56 lck kinase (9) . It should be noted that, despite considerable supporting evidence, some recent studies have called into question the strict necessity of self-MHC/peptide ligand recognition for the survival of naive CD4 + cells in the periphery (10, 11) .
Further studies have also established that self-recognition is important to the homeostatic process that maintains the near-constant overall size of the peripheral T cell pool, which is established at a young age. Homeostatic adjustment of T cell numbers is necessary at the final stage of an immune response, during which time the vast majority of the specific effector cells die by apoptosis. Such an adjustment will also occur after the onset of lymphopenia induced by a variety of insults (e.g., viral infections, toxic agents, irradiation, cytotoxic drugs). Restoration of the size of the original T cell pool following severe T cell defi-ciency has long been known to be accomplished by spontaneous expansion of the spared T cells, even in the absence of any contribution from the thymus (12) . Accordingly, homeostatic proliferation of T cells has been observed upon adoptive transfer of small numbers of cells into syngeneic lymphopenic nu/nu, SCID, RAG-deficient, TCR α-chain-deficient, or sublethally irradiated hosts (13) (14) (15) . Homeostatic proliferation of T cells is polyclonal and occurs in the absence of deliberate immunization.
Recent studies have now made it clear that homeostatic proliferation of T cells is mediated by, and dependent upon, recognition of self-MHC/peptide ligands. Accordingly, naive CD4 + cells from wild-type B6 mice do not undergo efficient homeostatic proliferation when transferred to H-2M-deficient, syngeneic T cell-depleted mice, which express MHC class II molecules loaded almost exclusively with a single species of peptide (16, 17) . In contrast, naive CD4 + cells from H-2M-deficient mice that were positively selected to this peptide proliferated well in T cell-depleted H-2M-deficient hosts, again arguing that lymphopenia-induced homeostatic T cell proliferation in the periphery depends on recognition of self-peptides identical to those used in their positive selection. Additional support for this model comes from experiments involving T cell-depleted mice engineered to express MHC class I molecules that were loaded with specific peptides: TCR transgenic CD8 + cells transfused into these animals proliferated only when the host expressed a peptide that induced the positive selection of the T cells, but not when the host expressed an irrelevant peptide (18) .
Together, these findings indicate that the weak interaction mediated by self-MHC/peptide recognition provides a p56 lck -independent signal that is necessary for survival in a resting state, but that under lymphopenic conditions, this signal instead becomes p56 lck -dependent, is translated differently, and leads to strong proliferation (reviewed in 19-21; Figure 1 ). In another recent study (22) , it was shown that T cells have to enter intact T cell compartments in secondary lymphoid tissues in order for homeostatic proliferation to occur. Experiments to clarify why homeostatic proliferation does not occur in a nonlymphopenic
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The Regulation of naive T cell homeostasis in the periphery and the potential relevance for the development of autoimmunity. Positive and negative selection in the thymus creates a repertoire of T cells with a broad spectrum of affinities to self, from low self-affinity (just strong enough to escape from death by neglect) to comparatively high self-affinity, which is, however, not strong enough to undergo negative selection. In a T cell-sufficient individual, the bulk of naive T cells needs continuous signals by self-MHC/self-peptide complexes to survive in a quiescent state. How the presence of surrounding T cells prevents naive T cells from uncontrolled proliferation is currently unknown. Competition for soluble stimulatory factors (labeled "1" in figure), for contact with self-MHC/self-peptide complexes (labeled "2"), or a direct inhibitory effect between T cells themselves (labeled "3") are possible mechanisms. Even while resting, a certain degree of T cell receptor engagement is measurable. Reduction of T cell numbers leads to spontaneous homeostatic T cell expansion, either by increased availability of stimulatory factors (labeled "1," "2") or by reduction of inhibitory impulses (labeled "3"). Homeostasis-driven proliferation leads to upregulation of some activated/memory markers. This proliferation usually occurs innocuously, without harm to normal individuals under physiologic circumstances. Either through constitutive T cell depletion or repeated episodes of T cell depletion, a T cell repertoire might be skewed to more T cells with high self-affinity. In this scenario, when homeostatic T cell expansion occurs, such cells, in conjunction with the appropriate genetic background and/or coexisting inflammation, might be overstimulated. In some models, such T cells have been shown to hyper-respond and acquire effector function. This provides the basis for the development of autoimmunity.
state found that a large number of "bystander" T cells coinjected with a small number of syngeneic T cells (differentiated by allelic markers and intracellular dyes) can inhibit expansion of the latter in a lymphopenic host. Of interest, naive T cells can act as bystander inhibitors, whereas activated/memory phenotype T cells are inefficient inhibitors. Crucially, bystander naive T cells in these experiments did not require signaling through the TCR, nor did they need to undergo homeostatic proliferation themselves to inhibit homeostatic proliferation of the small numbers of T cells that were coinfused. These findings suggest that T cell homeostasis is likely regulated either by non-MHC-stimulating factors, such as stromal cell-derived cytokines (i.e., IL-7, IL-12) (23, 24), or by direct intercellular contact. Several studies (6, 16, 17, (24) (25) (26) have also shown that although all typical T cells are thought to require positive selection by self-MHC/peptide ligands in the thymus, only a fraction (∼30%) can undergo homeostatic proliferation in the periphery. The reasons for this selective response remain unclear, but it may be that some positiveselecting peptides are absent from the periphery or that expansion is restricted to cells with higher selfaffinity. Recent experiments with transgenic T cells favor the second possibility (27) . The relevance of homeostatic anti-self proliferation of naive T cells to autoimmunity rests to a great extent on whether the proliferating cells acquire effector function and differentiate to the activated/memory phenotype. Several studies in which TCR transgenic CD8 + or CD4 + cells were transfused to lymphopenic syngeneic hosts appear to provide an affirmative answer (11, (25) (26) (27) (28) (29) . Proliferating TCR transgenic CD8 + cells kill target cells ex vivo in a peptide-and TCRdependent manner, and express IFN-γ after stimulation with anti-CD3. In vivo, they also acquire several, but not all, phenotypic markers of activated/memory T cells (upregulation of CD44, CD122, and CD132, and downregulation of CD45RB, but no upregulation of conventional antigen-induced early activation markers CD69, CD71, and CD25 or downregulation of CD62L). Whereas acquisition of CD44 is slower in homeostatically proliferating T cells than in cognate antigen-driven proliferation, expression of CD122 and CD132 depends strictly on the number of divisions, regardless of whether they are homeostasis-or antigen-driven (29) . In two of these studies (11, 28) , even polyclonal CD8 + or CD4 + cells undergoing homeostasis-driven proliferation also acquired activated/memory phenotypes, and such polyclonal CD8 + cells were able to rapidly secrete IFN-γ after anti-CD3 stimulation, and to kill ConA-coated syngeneic targets; control naive CD8 + cells were devoid of such activities.
Following reestablishment of nearly normal numbers of T cells and cessation of proliferation, the majority of the expanded cells retain the activated/memory phenotype, but a small percentage revert to the naive phenotype (11, 25, 26, 29) . Maintenance of or reversion to the activated/memory phenotype may depend on the initial affinity for self-MHC/peptide complexes. Thus, cells with high affinity may retain the activated/memory phenotype, while those with low affinity lose it (20) . Therefore, it has been concluded that "memory" phenotype T cells in an individual may not all be true foreign antigenexperienced cells, but could include naive cells "masquerading" as memory cells (29) .
Homeostatic T cell proliferation in models of induced systemic autoimmunity Several findings support the role of homeostatic antiself T cell proliferation in the pathogenesis of autoimmunity, including autoimmune disease manifestations in mice and rats following neonatal thymectomy, discontinuation of cyclosporin treatment, irradiation, retroviral infections, or exposure to certain xenobiotics. Other examples may be spontaneous autoimmunity in genetically lymphopenic BB rats, and autoimmunity upon transfer of lymphocytes into RAG-deficient, nu/nu, or SCID mice (Table 1) .
Neonatally thymectomized mice of several, but not all, backgrounds develop a strain-dependent spectrum of autoimmune reactions against multiple organs, as judged by the presence of T cell infiltrates, inflammation, and appearance of autoantibodies (reviewed in refs. 30, 31) . There is a strict temporal relationship between the day of thymectomy (third to seventh day of life) and the development of autoimmunity. Importantly, inoculation of T cells from adult euthymic animals can prevent disease in thymectomized syngeneic mice. This inhibition appears to be mediated primarily by a thymus-derived, naturally unresponsive (anergic) CD4 + CD25 + (IL-2R α-chain) population. These cells comprise approximately 5-10% of thymic and peripheral T cells, are functionally distinct from other activated T cells, and mediate suppression in an antigen-nonspecific manner. Activation of CD4 + CD25 + regulatory T cells does not seem to require CD28 costimulation, but their generation appears to depend on CD40-CD40L interactions. Recent studies suggest that these cells suppress inflammatory and autoimmune manifestations by a constitutive expression of CTLA-4, a molecule that inhibits CD28/B7-mediated costimulation (32, 33) . It is of interest that CTLA-4-deficient mice develop a severe lymphoproliferative disorder and die from autoimmune-like disease within 1 month of birth (34) . Autoimmunity with multiorgan involvement and even lupus-like manifestations have also been reported in adult athymic nu/nu mice following Table 1 Conditions in which homeostatic anti-self T cell proliferation may contribute to the appearance of autoimmune manifestations Neonatal thymectomy Discontinuation of cyclosporin treatment Irradiation Retroviral infections Exposure to cytotoxic drugs Exposure to xenobiotics Lymphopenic BB rats Lymphocyte transfer into nu/nu, RAG-deficient, or SCID mice inoculation with either spleen cell suspension from 3-day-old euthymic nu +/-mice or CD4 + CD25 + -depleted spleen suspension from adult nu +/-mice (30, 31) .
Autoimmunity associated with neonatal thymectomy has been attributed to the absence of the regulatory CD4 + CD25 + subset (which appears to develop later in ontogeny), inefficient deletion of self-reactive T cells due to low MHC expression in the neonatal thymus, and/or late developmental thymic expression of certain self-molecules. In view of the findings pertaining to self-MHC/peptide-mediated homeostatic expansion of T cells, we propose that another contributing factor in autoimmunity associated with neonatal thymectomy and related models may be a dearth of peripheral T cells, leading to a strong anti-self homeostatic proliferation that fills this "empty space." We also suggest that inhibition of neonatal thymectomy-induced autoimmunity by supplementation with large numbers of adult T cells may depend on the restoration of the T cell pool and the consequent curtailment of homeostatic proliferation. The regulatory CD4 + CD25 + T cells may also exert their autoimmunity-inhibiting effect by suppressing homeostatic antiself T cell proliferation.
Another potential example of autoimmunity caused by disturbance of lymphocyte homeostasis and subsequent attempts to reestablish the immune system is observed in certain rat and mouse strains treated neonatally with cyclosporin (CsA), or as adults with lethal irradiation and bone marrow reconstitution followed by treatment with, and subsequent withdrawal of, CsA (reviewed in ref. 35 ). Development of this disease requires the presence of a thymus and the elimination of peripheral T cells by irradiation. The disease is mediated by self-MHC class II/peptide-reactive IL-2 and IFN-γ-producing T cells, and can be transferred to syngeneic irradiated hosts. Once again, transfer of the disease can be prevented by coinfusion of large numbers of spleen T cells from normal adult mice. The precise mechanisms by which this immunosuppressive drug can paradoxically induce autoimmunity remain largely unexplained. Although some studies have reported interference with apoptosis and intrathymic negative selection, others have failed to confirm such a defect, but report inhibition of suppressor T cell action or prevention of peripheral T cell clonal anergy (35, 36) . We suggest that a more appropriate explanation may be homeostatic anti-self T cell proliferation triggered by the severe lymphopenia that follows irradiation and cyclosporin treatment. Indeed, cyclosporin has been shown to cause thymic involution and a severe block in the maturation of double-positive (CD4 + CD8 + ) thymocytes and a consequent drop in the output of recent T cell emigrants to the periphery (37) .
Several other instances of autoimmune disease development, presumably caused by perturbations in lymphocyte homeostasis, have been reported. For example, high-dose, fractionated, total lymphoid irradiation of mice can induce multiorgan autoimmunity with characteristics dependent on radiation dose, extent of lymphoid irradiation, and the genetic background of the mouse (38) . Radiation-induced tissue damage is not the primary cause of these disorders, because irradiation of the target organs alone fails to elicit autoimmunity, and shielding them from irradiation does not prevent it. This syndrome is also prevented by inoculation of splenic CD4 + cells from syngeneic nonirradiated mice, a treatment that probably inhibits homeostatic proliferation by restoring the T cell pool. Thus, this disease appears to result from lymphopenia and subsequent elicitation of anti-self homeostatic responses. Similar phenomena have been reported with certain mouse strains infected neonatally with a CD4 + -depleting mouse T lymphotropic virus (39) . As with the other models discussed above, inoculation of peripheral CD4 + cells from syngeneic, noninfected adult mice prevented the development of autoimmunity. A similar mechanism may be operative in the unexplained autoimmune manifestations characteristic of many HIV-infected individuals with AIDS (reviewed in ref. 40) . Certain xenobiotics, such as mercuric chloride (HgCl 2 ) and gold, also induce autoimmunity resembling lupus in some rat and mouse strains (reviewed in ref. 41) . The mechanism of xenobiotic-induced autoimmunity is unknown, but this condition is characterized by excessive in vivo T cell proliferation and anti-self-MHC class II reactivity; therefore it is likely that disease in this model may also be attributed to disturbances in T cell homeostasis.
A few final examples in which low levels of T cells appear to result in autoimmune diseases: First, as a result of an as-yet undefined genetic defect, BB/W rats exhibit excessive T cell apoptosis and lymphopenia associated with autoimmune manifestations and diabetes (42) . Likewise, SCID mice transplanted with coisogenic CD4 + CD45RB hi naive lymph node T cells develop autoimmune colitis, which can be prevented by coinjection of high IL-10-and low IL-2-producing CD4 + T cells (43) . Finally, a similar inflammatory bowel disease has been reported in RAG-deficient mice injected with CD4 + CD45RB hi cells (44) . The transferred cells acquired an activated phenotype and show high proliferative capacity.
Homeostatic T cell proliferation in spontaneous systemic autoimmunity
Several findings in predisposed mice appear to support the concept that primary or secondary homeostatic lymphocyte perturbations contribute to the pathogenesis of spontaneous lupus. These mice show premature thymic involution, which can lead to reduced export of naive T cells, excessive T cell activation leading to replicative senescence, reduced number and/or function of regulatory T cells, and in some strains, lymphopenia induced by anti-lymphocyte autoantibodies or increased apoptosis (Table 2) .
Thymic atrophy in lupus-prone mouse strains is first evident as a loss of cortical thymocytes, which may later be accompanied by medullary degeneration (reviewed in ref. 1). The thymic atrophy associated with abnormal fine structure appears by the age of 3-4 months in female (NZB × NZW)F 1 mice, which, by 6-7 months of age, have lost 70-90% of their cortices. In BXSB males and MRL-Fas lpr mice of both sexes, thymic atrophy and cystic necrosis appear by the age of 2 months and progress to a complete loss of the cortical areas by 4.5 and 3.5 months, respectively. Ultrastructural studies and immunocytochemistry with mAb's to thymic constituents have shown considerable abnormalities, including dramatic alterations in microarchitecture, decreases in subcapsular and medullary epithelia, free spaces ("cortical holes"), decreased thymocyte frequencies, and altered composition (45) . Although these changes have been considered manifestations of premature aging, they differ considerably from those seen in normal aging mice. The relevance of these findings to our hypothesis lies in the possibility that intrinsic thymic defects in T cell maturation may lead to a lymphocyte deficit in the periphery, and consequently, to the initiation of a homeostatic, yet deleterious, anti-self response.
Another possible means of homeostatic disturbance in lupus is through continuous T cell stimulation by ever-present self-antigens, and attainment of a state of replicative senescence wherein such cells may be unable to act as efficient inhibitors of homeostatic proliferation. Indeed, mice (and humans) with lupus show an expedited accumulation of activated/memory phenotype cells with clonal expansions (46) . Moreover, most of the accumulated activated/memory phenotype CD4 + CD44 hi cells of male BXSB mice and double-negative (DN CD4 -CD8 -) CD44 hi cells of MRL-Fas lpr mice are arrested at the G1 phase of the cell cycle, express high levels of cyclin kinase inhibitors, and are refractory to apoptosis (46) , all characteristics of cells in replicative senescence (47) . Such cells may be inefficient inhibitors of naive T cell homeostatic proliferation, since such proliferation can be inhibited by large numbers of naive, but not activated, T cells (22) .
Lymphopenia, which occurs in a high percentage of lupus patients in the acute phases, may also trigger homeostatic anti-self T cell proliferation. The absolute levels of lymphocytes are reduced in this disorder, as are the percentages of T and B cells. Patients not undergoing prednisolone treatment also show a marked reduction of CD4 + cells. Lymphopenia in lupus has primarily been attributed to anti-lymphocyte autoantibodies and/or increased activationinduced apoptosis via the Fas/FasL system. Anti-lymphocyte autoantibodies are also present in several of the lupus-predisposed mouse strains.
Apart from lupus, homeostatic anti-self proliferation of T cells may play a role in other autoimmune conditions wherein the composition of the peripheral repertoire and other factors may dictate a different clinical outcome. Recent studies have shown that patients with rheumatoid arthritis exhibit a premature decline in thymic output and a compensatory expansion of peripheral T cells (48) . It has therefore been hypothesized that these phenomena may lead to a repertoire contraction that may favor T cells with autoreactive potential (49) .
Summary
The exact mechanisms by which homeostatic anti-self proliferation of peripheral T cells is controlled are not yet well understood. Nevertheless, evidence exists that self-MHC/peptide recognition, necessary for T cell survival in a resting state, may become overt under certain conditions associated with lymphopenia and lead to T cell expansion and generation of effector cells ( Figure  1 ). Several factors may influence whether this expansion is beneficial or detrimental to the host, including genetic background, intensity, frequency and duration of lymphocyte disturbances, and previous inflammatory damage of the target organs. We further postulate that if the T cell repertoire and expanded clones primarily have low self-affinity, then the expansion will be largely innocuous, whereas if composed of cells with high self-affinity, clinically evident autoaggression may be the outcome. Validation of this hypothesis may provide a new paradigm for understanding autoimmune syndromes, including lupus. Table 2 Postulated mechanisms by which homeostatic anti-self T cell proliferation may contribute to lupus pathogenesis Premature thymic involution Accumulation of activated/memory T cells in a replicative senescence state Reduced numbers or function of regulatory T cells Lymphopenia due to anti-lymphocyte autoantibodies Lymphopenia due to increased apoptosis
